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EDITORIAL REVIEW
Function and control of Na-K-ATPase in single nephron
segments of the mammalian kidney
Although kidney epithelial cells are able to transport a wide
variety and large amounts of solutes against their electrochem-
ical gradient, the active transport of only a few of them is
directly coupled to cell oxidative metabolism through the activ-
ity of a few types of specific pumps, among which Na-K-
ATPase has a crucial role. This is possible because of the
marked axial heterogeneity of each nephron (Fig. 1A), as each
of its successive segments is characterized by the presence at
its two membrane poles of specific transporters which couple
the dissipation of the electrochemical gradients generated by
the pumps to the uphill transport of specific salutes. Since the
distribution and function of Na-K-ATPase along the nephron
were recently reviewed [1—31, these two aspects are only
shortly summarized thereafter, and the main part of the discus-
sion is focused on the regulation of Na-K-ATPase. A special
emphasis is given to the analysis of the specific parameters
which directly and rapidly control the activity of tubular Na-K-
ATPase. Then, alterations of Na-K-ATPase activity observed
during various physiological and pathophysiological conditions
are discussed in relation with the possible involvement of these
parameters. This analysis is mainly based on the topological
and mechanistic specificity of these parameters.
Localization of Na-K-ATPase along the nephron
In order to circumvent kidney heterogeneity, techniques
which permit measurement of either the activity or the number
of catalytic units of Na-K-ATPase in single microdissected
nephron segments were developed. Since the pioneering work
of Schmidt and Dubach [4] which permitted measurement of
Na-K-ATPase activity at cellular level on freeze-dried sections
of rat kidney, several micromethods have been developed for
analysis of ATPase activity in individual nephron segments.
These include radioisotopic procedures to measure the rate of
hydrolysis of 32P-ATP [5, 6], and fluorometric methods in which
the rate of ATP hydrolysis is enzymatically coupled to changes
in the fluorescence of NADINADH [7—11]. It is noteworthy that
regardless of the method used, similar profiles of distribution of
Na-K-ATPase were reported along the nephron of either
mouse, rat or rabbit: A high activity is observed in the segments
which reabsorb large amounts of sodium against a concentra-
tion gradient (diluting segment and distal convoluted tubule);
intermediate activity is present where sodium is reabsorbed
from an isoosmotic fluid (proximal tubule); and low activity is
observed in the terminal part of the nephron (collecting tubule)
where sodium reabsorption is finally adjusted (Fig. 1B). How-
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ever, absolute ATPase activities obtained by the methods
developed by Garg, Knepper and Burg [7], Schwartz, Lin and
Kinne [8], and Scherzer, Wald and Czaczkes [9] are several fold
higher than those reported by all other investigators [5, 6, 10].
Such quantitative differences probably stem from the use by
these authors of NH4 (50 to 70 mM) instead of K in the assay
medium, and that high concentration of NH4 stimulates Na-
K-ATPase in itself [12, 13].
It should be stressed that whatever technique is used, Na-K-
ATPase activity is determined in vitro under artificial optimal
conditions (Ymax), whereas under in vivo conditions, intracel-
lular sodium concentration limits the functioning rate of Na-K-
ATPase to only 20 to 40% of this Vmax [14]. Consequently,
changes in Na-K-ATPase activity brought about by transient
alterations of intracellular sodium concentration are not de-
tected by these methods. This problem could be circumvented
by measuring the ouabain-sensitive initial uptake of rubidium
on nephron segments maintained in vitro under viable condi-
tions [15].
Since changes in the Vmax of Na-K-ATPase may reflect
alterations in the number of catalytic units, in the activity of
individual units, or both, we were prompted to develop a
method to quantify the number of pump units at the level of
single nephron segments [16]. The number of Na-K-ATPase
units, determined by the specific binding of tritiated ouabain,
exhibits the same distribution pattern as Na-K-ATPase activity
along the rabbit nephron [16]. This implies that the rate of ATP
hydrolysis is identical (close to 2,000 molecules of ATP split per
minute and per ouabain binding site) in all the segments of the
nephron. Combined determinations of Na-K-ATPase activity
and ouabain binding permit characterization of the mechanisms
regulating the pump. Unfortunately, this approach is hardly
applicable in the rat kidney owing to the low affinity of ouabain
for Na-K-ATPase in this species.
Besides the quantitative heterogeneity of Na-K-ATPase dis-
tribution along the mammalian nephron, differences in proper-
ties of Na-K-ATPase were observed among the various neph-
ron segments. Thus, Na-K-ATPase activity is 10- to 30-fold
more sensitive to ouabain in the collecting tubule, where the
final adjustment of sodium excretion takes place, than in more
proximal segments of the nephron [17]. Ouabain binding exper-
iments confirmed this finding as the affinity for ouabain in-
creases from the proximal tubule to the collecting tubule. It is
not known whether these differences in ouabain affinity reflect
the presence of various proportions of the two distinct molec-
ular forms of Na-K-ATPase previously reported in brain and
heart [18—20], or whether they are due to differences in intrinsic
properties of a single isoenzyme (such as the glycosylation of its
beta subunit) or in environmental factors (such as the embed-
ding in the membrane or the phospholipid surrounding). In any
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Fig. 1. A. Schematic organization of rabbit nephron. The dark portions correspond to the nephron segments microdissected and used foi
Na-K-ATPase measurements. B. Profile of Na-K-ATPase activity along the rabbit nephron (data from ref. 2).
case, this qualitative heterogeneity of Na-K-ATPase along the
nephron provides further possibilities for a specific control of
Na-K-ATPase activity in the different nephron segments.
Functions of tubular Na-K-ATPase
Using several experimental approaches, such as cell fraction-
ation [21, 22], cytochemistry [23], immunoferritin labeling [24,
25], or immunocytochemistry [26], tubular Na-K-ATPase was
exclusively found in the basolateral cell membrane, closely
surrounded by mitochondria. As in all other cell types, tubular
Na-K-ATPase converts the energy-rich phosphate bound of
ATP into electrochemical gradients: three sodium ions are
translocated outward against two potassium ions inward per
ATP molecule hydrolyzed [27], thus generating large and op-
posite chemical gradients for Na and K across plasma
membranes. Potassium is either recycled through specific chan-
nels or cotransport systems across the basolateral membrane,
or secreted to the luminal fluid in cells displaying luminal
K-channels such as the principal cells of the collecting tubule
[28], whereas sodium is reabsorbed, since most sodium perme-
ation mechanisms are located in the luminal membrane of
tubular cells (Fig. 2). Sodium permeation mechanisms are either
ion-selective channels, which allow the rheogenic diffusion of
sodium along its electrochemical gradient, or symport and
antiport systems that couple downhill entrance of sodium to the
uphill transport of other solutes (such as, H, Ca2, C1,
glucose, aminoacid, phosphate). Thus, Na-K-ATPase activity
also generates secondary active transmembrane fluxes of sol-
utes. Because of its 3Na/2K stoichiometry, the pump is
rheogenic and electrogenic, and thus contributes to generate an
outwardly directed flux of positive charges and an inside-
negative electric potential difference across basolateral mem-
brane. To maintain cell electroneutrality, this movement of
charges must be equilibrated, under steady state conditions,
with other rheogenic ion fluxes which, therefore, are also
dependent on Na-K-ATPase.
Besides the transcellular pathway, which is the main route for
transepithial transport, solutes may also cross the nephron wall
through the intercellular junctional complexes, especially in
"leaky" tubular segments. Movements of ions along this inter-
cellular pathway also depend in part upon Na-K-ATPase activ-
ity, since they occur down the electrochemical gradient which
results from their concentration difference in the luminal and
peritubular compartments, respectively, and from the transepi-
thelial potential difference generated by transcellular ionic
transports.
In general, coupling of downhill sodium reabsorption to
secondary uphill transport occurs in the early segments of the
nephron, whereas uncoupled sodium reabsorption implicated in
the control of sodium excretion occurs in the distal parts of the
nephron (Fig. 2). The indirect coupling of ionic transports to
Na-K-ATPase activity increases the theorical thermodynamic
yield of the pump (1ATP/3Na/2K) and accounts, at least in part,
for the discrepancy observed between oxygen consumption and
active transport by the kidney [29].
In view of these considerations, it is possible to determine
whether or not Na-K-ATPase activity, as measured in single
nephron segments, is sufficient to account for active sodium
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Fig. 2. Coupling between Na-K-A TPase and solute transport in cells from the proximal tubule, thick ascending limb and collecting tubule. In
proximal tubule cells, Na-K-ATPase energizes several Na-dependent cotransports (Na-glucose, Na-phosphate, Na-amino acids) and countertrans-
port (NaJH) in the luminal membrane. Bicarbonate is reabsorbed as CO2 which diffuses across luminal cell border and by rheogenic HCO3-Na
passive cotransport across the basolateral cell border. In thick ascending limb cells, Na-K-ATPase energizes the luminal electroneutral
Na-K-2Cl cotransport system. Existence of Cl- and K-conductive channels in basolateral and luminal cell membranes, respectively, in the
presence of an intracellular accumulation of both ion species above equilibrium induces a lumen-positive transepithelial potential difference. This
transepithelial voltage is shunted in part by Na and Cl movements along the conductive intercellular junctions. In the principal cells of the
cortical collecting tubule, Na and K gradients generated by Na-K-ATPase are mainly dissipated through conductive channels located in the
luminal membrane, thus generating net sodium reabsorption and potassium secretion.
transport measured in isolated perfused tubules. In the rabbit
PCT, maximal Na-K-ATPase activity is 33 to 38 pmol ATP/mml
mm [30, 31]. Assuming that the molar NaJATP ratio is 3 and that
in vivo intracellular sodium concentration allows the pump to
work around 30% of its Vma, (see above), this value of ATPase
activity can account for a transport capacity of 30 to 34 pEq
Na/mm/min. Net sodium reabsorption along rabbit PCT, as
evaluated from the rate of isoosmotic water reabsorption, is 104
to 115 pEq/mmlmin [32, 33], from which only 30%, or 31 to 35
pEq/mm/min, is active [34]. This is in good agreement with the
pumping capacity of Na-K-ATPase. In mouse MAL, Na-K-
ATPase activity is 64 to 67 pmol ATP/mmlmin [31, 35], which
corresponds to a pumping capacity of 96 to 102 pEq/mm/min,
assuming a 30% efficiency in vivo and a NaJATP ratio of 5, as
predicted by the model of Greger [36] (3 Na ions pumped
through Na-K-ATPase and 2 others reabsorbed through the
paracellular pathway down the transepithelial, lumen positive,
potential difference; Fig. 2). This is in good agreement with the
net fluxes of sodium of 94 to 134 pEq/mm/min measured in this
nephron segment [37]. In rat and rabbit CCT, the Na-K-ATPase
activity of 12 to 21 pmol AlP/mm/mm [38, 39] can account for
a transport capacity of 11 to 19 pEq Na/mm/min similar to that
effectively measured in microperfusion experiments: rabbit, 16
pEq/mm/min [40]; and rat, 12 pEq/mm/min [41].
Although approximate, the above illustrated adequation be-
tween the sodium reabsorption capacity of Na-K-ATPase and
tubular sodium transport under normal physiological conditions
indicates that any increase of the latter will necessitate a
stimulation of ATPase activity. Indeed, in order to maintain
intracellular composition constant, the net flux of sodium
through the basolateral membrane must be balanced by the net
flux through the luminal membrane, under steady state condi-
tions as well as during hormonal stimulation. This is particularly
true for nephron segments such as the thick ascending limb in
which the intracellular sodium pool is renewed several times
per minute. There has been a long lasting debate to evaluate
whether hormones which stimulate sodium transport primarily
act on the two opposite borders of the cell (that is, on luminal
sodium permeation and basolateral Na-K-ATPase), or whether
they primarily act on the luminal membrane exclusively (where
the limiting step is located), whereas the increase of basolateral
Na-K-ATPase activity would be a secondary phenomenon.
This secondary adaptation would first result from the stimula-
tion of the rate of activity of each Na-K-ATPase unit due to
increased intracellular sodium concentration (in response to
hormone action on luminal membrane), whereas later it would
involve an adaptive increment of the number of active pump
units due to either unmasking of latent sites or to synthesis of
new pump units. Late adaptive changes in Na-K-ATPase activ-
ity have been demonstrated under many pathophysiological
conditions using whole kidney homogenates. However, the
possibility of a short-term primary control of tubular Na-K-
ATPase has been demonstrated only recently by measuring the
pump in single nephron segments.
Short-term control of tubular Na-K-ATPase
Aldosterone
Although it has been known for over two decades that
corticosteroids increase kidney Na-K-ATPase activity, the
mechanism of action of aldosterone on Na-K-ATPase was only
recently elucidated. Schmidt et al first reported that aldosterone
restored the decreased Na-K-ATPase activity of adrenalecto-
mized animals within few hours [42, 431. Except for one report
[44], this result was confirmed by subsequent studies which
showed that administration of aldosterone stimulated Na-K-
ATPase activity in the collecting tubule of adrenalectomized
rats and rabbits within three hours [11, 45—48]. These first
















Fig. 3. Effect of increasing intracellular
sodium concentration on Na-K-A Tfase
activity in rat CCT. Segments of CCT were
incubated at 37CC for 2 to 3 hours in the
presence of 0.1 U/id of the sodium ionophore
nystatin (hatched bars) or in its absence (open
bars) before Na-K-ATPase measurement. A.
Stimulation of Na-K-ATPase activity
observed after preincubation with nystatin in
a normal medium (C) was totally abolished
when sodium of the medium was replaced by
choline (-Na). B. Stimulatory action of
increased intracellular sodium (C) was not
altered by addition of 5 M actinomycm D (+
Actino D). C. In collecting tubules from 1-
week adrenalectomized rats (ADX),
preincubation with nystatin did not stimulate
Na-K-ATPase activity. (Redrawn from ref.
52).ADX
sodium content induces the recruitment and/or activation of a
latent pool of Na-K-ATPase in rat collecting tubule. Further-
more, the size of this pooi is controled by corticosteroids, as it
decreased after adrenalectomy (Fig. 3C). Thus, in normal
animals with a large latent pool of Na-K-ATPase, aldosterone
might recruit this pool by increasing intracellular sodium con-
centration.
Therefore, in rat collecting tubule, there is a dual short-term
control of Na-K-ATPase activity by mineralocorticoids, which
stimulate the synthesis of the enzyme, and by intracellular
sodium concentration, which controls the activity of latent
pump units.
C
studies indicated that aldosterone action was restricted to the
collecting tubule [46, 48] and that it appeared concomittantly to
the stimulation of kidney sodium reabsorption [47]. Aldoste-
rone increases Na-K-ATPase activity of the collecting tubule by
inducing the appearance of new catalytic units [49], and this
effect is abolished by inhibitors of protein synthesis [50],
suggesting that aldosterone increases de novo synthesis of the
enzyme. Stimulatory action of aldosterone is dependent on the
presence of triiodothyronine both in vivo and in vitro [50—52],
but the mechanism of interaction between the two hormones
remains unknown. Because in vivo administration of the sodi-
um-channel blocker amiloride abolished the action of aldoste-
rone on Na-K-ATPase, it has been proposed that induction of
the synthesis of the pump in response to aldosterone was
secondary to a transient increase in steady-state intracellular
sodium concentration brought about by a primary mineralocor-
ticoid action on luminal sodium conductance [11]. However,
this inhibitory action of amiloride is likely not specific owing to
the high doses administered, since recent in vitro experiments
have shown that low concentrations of amilonde sufficient to
block apical Na-channels did not alter the stimulatory action of
aldosterone [51]. Furthermore, other in vitro experiments in
which extracellular choline was substituted for sodium demon-
strated that induction of Na-K-ATPase in response to aldoste-
rone in the collecting tubule from adrenalectomized rats is
independent of sodium availability [51, 52]. At this point it
should be stressed that the mechanism of aldosterone action, in
particular its kinetics and its dependency towards sodium,
might be different in the CCT of normal and of adrenalecto-
mized animals.
intracellular sodium
As shown in Figure 3A, increasing intracellular sodium
concentration in rat CCT (with either ouabain or sodium
ionophores) stimulates the Vmax of Na-K-ATPase within two to
three hours [52]. This stimulation involved the appearance of
active catalytic sites, as the specific binding of tritiated ouabain
increased in parallel with the pump activity, but it did not
require the synthesis of new catalytic sites, as it was not altered
by inhibitors of protein synthesis (Fig. 3B). Thus, increasing
Glucocorricoids
Since adrenalectomy decreased Na-K-ATPase activity not
only in the collecting tubule but along the whole nephron [42,
46—48, 53], a role of glucocorticoids in the control of the pump
activity was discovered. Within three hours, injection of gluco-
corticoids restored Na-K-ATPase activity in all nephron seg-
ments from adrenalectomized rabbits except the collecting
tubule [48]. Conversely to what was observed with aldosterone
on collecting tubule, stimulation of Na-K-ATPase activity by
dexamethasone was not paralleled by any increase in the
number of enzyme units, indicating that glucocorticoids en-
hance the activity of preexisting ATPase units [49]. In vitro
studies on rat MAL indicated that stimulation of Na-K-ATPase
by dexamethasone: 1) is accompanied with an increase of
ouabain-sensitive oxidative metabolism [54]; 2) is dependent on
protein synthesis, although it does not increase the number of
pump units [54]; 3) is related to the suppression of the produc-
tion of a Na-K-ATPase inhibitor derived from arachidonic acid
through the monooxygenase pathway [55].
Endogenous digoxin-like factor
It is well documented that extracellular volume expansion is
accompanied with a natnuresis [56] which has been ascribed, in
part, to the production of an endogenous digoxin-like factor.
Indeed, blood plasma and urine extracts from volume expanded
patients or animals can inhibit Na-K-ATPase activity in vitro
[reviewed in 57]. The recent characterization of different iso-
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forms of the Na-K-ATPase a subunit with specific sensitivity to
cardiac glycosides [20] opens the possibility that ATPase iso-
forms might also differ from tissue to tissie in response to such
an endogenous regulator. Because kidney collecting tubule is
more sensitive to ouabain than more proximal segments [17],
the collecting tubule might represent the target site for the
natriuretic action of the endogenous digoxin-like factor, as long
as this factor and ouabain exhibit roughly similar properties.
This hypothesis is supported by two lines of evidence: First, an
extract from blood plasma of uremic patients was shown to
inhibit sodium reabsorption in single microperfused rabbit
collecting tubules [58]. Second, it was recently shown in our
laboratory that the collecting tubule also displays a higher
sensitivity than more proximal nephron segments to extracts of
human urines enriched in digoxin-like factor (unpublished ob-
servation).
Other hormones
Recent results obtained with a cytochemical assay for Na-K-
ATPase showed that in vivo administration of prolactin mark-
edly stimulated Na-K-ATPase activity in rat MAL and DCT
within three hours [59]. The mechanisms underlying this action,
which might be related to the previously reported effect of
prolactin on renal salt and water conservation [60, 61], were not
investigated.
Dopamine causes in vitro a rapid (30 mm) and reversible
inhibition of Na-K-ATPase activity in the rat PCT [62] which is
accompanied with an increase of the Km of Na-K-ATPase for
potassium. As the non-hydrolysable GTP analogue Gpp(NH)p
competitively abolishes dopamine inhibition of Na-K-ATPase,
it has been suggested that basal Na-K-ATPase activity may be
stimulated by a 0-protein and that dopamine displaces the
binding of GTP to the G-protein [63]. If confirmed, this regula-
tory model will open new fields of investigation on the mecha-
nism of short-term control of Na-K-ATPase. Such a mechanism
could also account for the stimulatory action of a-adrenergic
agents postulated on proximal tubule Na-K-ATPase [64].
Long-term control of tubular Na-K-ATPase
Long-term (within days to weeks) alterations of Na-K-
ATPase activity have been observed in whole kidney homoge-
nates or membrane fractions under many physiological or
pathological conditions, such as changes in dietary cation
intake and corticosteroid status, diabetes, hypertension, renal
compensatory hypertrophy, hypo- and hyperthyroidism, and
administration of diuretics. Analysis of Na-K-ATPase activity
in single nephron segments under these experimental conditions
has permitted precise localization of the nephron segments
responsible for the changes in pump activity. Indeed, most of
the rare discrepancies observed between authors can be ex-
plained either by differences in the localization of the nephron
segments during microdissection, by species differences, or by
the limits of reproducibility of the method used which may or
may not allow statistical significance between groups when
changes in Na-K-ATPase activity are relatively small. Thus,
unless necessary, these discrepancies will not be discussed
further.
The mechanism of long-term control of Na-K-ATPase is
difficult to evaluate because many important physiologic param-
eters are altered in these experimental models. Varying only
one of these parameters at a time is difficult in vivo; in vitro
procedures which permit manipulation of these parameters
independently do not allow sufficient cellular survival to study
long-term regulations. The use of primary cell cultures may
overcome this difficulty.
Long-term alterations of Na-K-ATPase activity involve
changes in the number of pump units induced at the genomic
level. This raises the question of the selectivity of this control of
Na-K-ATPase: Is Na-K-ATPase the only protein altered (or
one among few others), or are most cellular proteins involved?
In some circumstances, this issue has been analyzed by looking
not only at ATPase activity but also by measuring either
epithelial volume or protein content, or better, another specific
enzymatic marker of the basolateral membrane, such as hor-
mone-sensitive adenylate cyclase activity.
Finally, the existence of a process controling Na-K-ATPase
may depend on the physiological status of the animals, as
clearly demonstrated for thyroid hormones (Fig. 4). Thus,
within one week thyroidectomy specifically decreased Na-K-
ATPase activity in the rabbit proximal and collecting tubules
exclusively, and administration of T3 restored it up to normal
level after 24 hours [65]. In rabbits studied 8 to 11 weeks after
thyroidectomy, not only was Na-K-ATPase activity decreased
along the whole nephron, but administration of T3 did not
restore it within 24 hours [66]. Thus, the capacity of tubular
cells to induce Na-K-ATPase synthesis in response to thyroid
hormones depends on the duration, and thereby, on the severity
of hypothyroidism prior to hormone treatment.
In view of these general problems, factors that may be
involved in long-term control of tubular Na-K-ATPase activity
are discussed below.
Corticosteroids
Adrenalectomy decreases Na-K-ATPase activity by 40 to
80% in almost all nephron segments of rabbit [46, 48, 67], rat
[42, 44, 47] and mouse [53]. This decrease is time-dependent
and Na-K-ATPase activity reaches its nadir within four to five
days [53]. In the collecting tubule, the fall of Na-K-ATPase
activity can be prevented by administration of physiologic
doses of aldosterone, but not of corticosterone [68]. Con-
versely, administration of dexamethasone curtails the inhibi-
tory action of adrenalectomy in the proximal tubule, thick
ascending limb and distal convoluted tubule [67], confirming the
different sensitivities of nephron segments towards mineralo-
and glucocorticoids previously reported in short-term experi-
ments [48].
Administration of pharmacologic doses of the synthetic mm-
eralocorticoid deoxycorticosterone acetate (DOCA, 5 mg/day!
rabbit) to normal rabbits increases Na-K-ATPase activity in the
DCT, CNT, CCT and MCT [7, 69, 70]. This stimulation is
accompanied with a tubular hypertrophy and a rise in hormone-
sensitive adenylate-cyclase activity [69]. However, in the col-
lecting tubule, the relative increase in Na-K-ATPase activity
exceeds that of epithelial volume and adenylate-cyclase activ-
ity, suggesting that the density of pump units specifically
increases in the basolateral membrane of principal collecting
tubule cells. Changes observed in the collecting tubule are due
to mineralocorticoids, whereas those in the distal convoluted
and connecting tubule are likely due to cross reaction with
glucocorticoid receptors.
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More interesting is the observation that in the CCT of normal
animals, administration of high but physiologic doses of aldo-
sterone (5 or 50 sg/lOO g body wtlday), which raise plasma
aldosterone level up to those seen in animals fed a high-K or a
low-Na diet, respectively, also increases Na-K-ATPase activity
in a time-dependent manner [711, suggesting a physiological role
of the modulation of Na-K-ATPase by aldosterone in the
long-term homeostasis of potassiUm and sodium.
At this point it should be stressed that the kinetics of
mineralocorticoid induced stimulation of Na-K-ATPase in the
CCT of normal animals is different from that previously de-
scribed in adrenalectomized ones. Indeed, in normal animals,
the threshold of stimulation is observed alter a 24 hour latency
whereas after adrenalectomy, maximal stimulation is observed
within three hours after hormone administration (see above). In
fact, there is a linear relationship between the latency period for
aldosterone action on Na-K-ATPase on the one hand, and the
initial Na-K-ATPase activity. This suggests that there might be
a kind of feedback control of the induction of Na-K-ATPase by
the amount of pump units present in the basolateral membrane.
Inasmuch as aldosterone increases sodium reabsorption in the
CCT of normal animals within a few hours, that is, before any
detectable change of the max of Na-K-ATPase, this early
action is likely mediated at the level of the basolateral mem-
brane by increased sodium concentration, which always limits
the physiological rate of the pump.
Dietary potassium intake
In addition to morphologic alterations [72, 73], potassium
depletion decreased the secretion of potassium [74, 75] and
increased its reabsorption [74] in the rat collecting tubule. Three
groups of authors independently investigated whether alter-
ations in Na-K-ATPase activity observed in the collecting
tubule of K-depleted animals might account for these changes
and found quite different results. On the one hand, Garg and
colleagues first reported that Na-K-ATPase activity was mark-
edly decreased (>70% inhibition) in the CCT of rats K-depleted
Fig. 4. Comparative effects of
triiodothyronine (7'3) administration to short-
term and long-term thyroidectomized (TX)
rabbits. Na-K-ATPase activity was measured
in five nephron segments of rabbits TX after 1
to 2 weeks (0, 0) or 8 to 10 weeks (0, ,
and before (0, 0) or 48 hr after
administration of 50 ig/kg body wt T3 (0, 0111).
Values are expressed as percent of the Na-K-
ATPase activities measured in the
corresponding nephron segments of
aged-matched normal rabbits. In short-term
TX rabbits, Na-K-ATPase activity was
decreased in the proximal (PCT and PR) and
____
collecting tubule (CCT and MCT) and was
restored by T3 administration. In long-term
TX rabbits, Na-K-ATPase activity was also
decreased in the diluting segment (MAL) and
was not restored by T3 injection. (Redrawn
MCT from ref. 65 and 66).
since eight weeks, whereas it was not altered in the MCT [76].
On the other hand, the group of Hayashi and Katz and our
laboratory reported slight modifications of Na-K-ATPase in the
CCT and a tremendous increase (500 to 700% stimulation) in the
MCT under similar conditions [77, 78]. The latter stimulation
appeared one week after allocation of the low-K diet and
reached a maximum within five weeks [77, 78]. It was also
accompanied with tubular hypertrophy [77, 78] and increased
hormone-sensitive adenylate cyclase activity [78], whereas no
such changes were observed in CCT.
The decrease in Na-K-ATPase activity readily observed after
three days in the CCT of K-deprived rats [78] is likely due to
decreased plasma level of aldosterone observed in these ani-
mals [74, 76, 77], and may be related to inhibition of potassium
reabsorption previously reported within this delay [74]. Con-
versely, the reason for the increment of Na-K-ATPase in the
MCT, which is quantitatively the largest observed as yet in
response to various dietary or hormonal manipulations, is not
clear. Indeed, rise in Na-K-ATPase is paradoxical since it
should account for an increased secretion of potassium. For this
reason, and based on indirect morphological [73], biochemical
[77], and physiological [791 lines of evidence, Hayashi and Katz
proposed that Na-K-ATPase might be located in the luminal
membrane of MCT cells from K-depleted rats where it could
energize potassium reabsorption [77, 79]. Although heterodox,
this hypothesis is exciting and reconciles biochemical and
physiological data. At this point, it should be noted that
stimulation of a ouabain insensitive K-ATPase observed in the
collecting tubule of K-depleted rats [80] may also account for
potassium reabsorption in this nephron segment.
A chronic increment of dietary potassium intake is associated
with an enhanced ability of the kidney to secrete potassium
which was ascribed to the stimulation of Na-K-ATPase in the
CCT [6, 35, 39, 81, 82]. This stimulation is correlated to
amplification of the basolateral membrane surface area of
collecting tubule principal cells, the cell type involved in
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Fig. 5. Respective influence of high-K intake
and plasma aldosterone level on
Na-K-A TPase activity in rat CCT. In adrenal-
intact rats, both K-enriched diet (+ K) and
high physiological doses (50 jsg/kg body wt/
day) of aldosterone (+ A2), given for 7 days,
increased Na-K-ATPase activity. In
adrenalectomized rats receiving physiological
replacement doses of corticosterone and of
aldosterone (8 jig/kg body wtlday) for 7 days
(+ A1), high-K intake did not altered Na-K-
ATPase activity (+ A1 + K). Conversely,
when high physiological doses of aldosterone
were administered (+ A2), high-K diet
increased the pump activity (+ A2 + K),
(Redrawn from ref. 39).Adrenal-intact
Results concerning the mechanisms underlying this stimula-
tion of Na-K-ATPase, and in particular the role of increased
plasma level of aldosterone in this process, are controversial.
The most complete experimental analysis of this problem has
been performed by the group of Katz [39] and will be reviewed
before looking for reasons which may explain the differences
reported by other groups. Katz and coworkers [391 studied
changes in Na-K-ATPase activity induced after one week of
high-K feeding in CCT of either adrenal-intact rats (in which
plasma aldosterone level increased in response to the treat-
ment) or of adrenalectomized rats complemented with gluco-
corticoids and either physiologic or high physiologic doses of
aldosterone (with a clamped plasma aldosterone level). In
adrenal-intact rats, Na-K-ATPase increased by 130% in K-
loaded rats, and this increase was only partially reproduced by
administration of high physiological doses of aldosterone mim-
icking those found in high-K rats (Fig. 5). Furthermore, pre-
treatment of the animals with the antimineralocorticoid spiro-
nolactone markedly blunted the effect of K-loading but did not
abolish it it completely. In adrenalectomized rats replaced with
normal levels of aldosterone, K-loading had no effect on Na-K-
ATPase. Replacement with high physiological levels of aldoste-
rone (similar to those observed during K-loading) stimulated
Na-K-ATPase by itself and allowed K-loading to induce a
further stimulation similar to that observed in adrenal-intact
rats. Taken altogether, these results indicate that: 1) part of
Na-K-ATPase stimulation in response to high-K feeding is
primarily mediated by increased plasma level of aldosterone;
and 2) the remaining stimulation of the pump is directly medi-
ated by high-K diet, but depends on the steroid status of the
animal. These authors proposed that increased aldosterone
level may be responsible for the synthesis of a latent pool of
Na-K-ATPase which would be recruited in response to high-K
feeding. Existence of a mineralocorticoid-dependent latent pool
of Na-K-ATPase units in the rat collecting tubule is consistent
with conclusions drawn from the above mentioned study of
Na-K-ATPase control by intracellular sodium.
At variance is the previous finding that spironolactone did not
alter Na-K-ATPase stimulation induced by K-loading in the
mouse CCT [35]. However, this may be due to the mode of
administration and low doses of antimineralocorticoids used in
that study. More striking is the difference with the results of
Garg and Narang, who reported that potassium loading mark-
edly stimulated Na-K-ATPase in the CCT of adrenalectomized
rabbits [81, 82], indicating that potassium adaptation occurs
independently of mineralocorticoids in the rabbit. This discrep-
ancy is likely related to species differences as rats are omnivo-
rous whereas rabbits are herbivorous. These animals with
different potassium intakes may have developed different pro-
cesses for regulating the excretion of this cation.
Sodium intake
Besides the role of intracellular sodium concentration in
adjusting the rate of Na-K-ATPase activity, the sodium load
delivered to the different nephron segments has been postulated
as an important parameter in the regulation of the synthesis of
kidney Na-K-ATPase [85]. This hypothesis was evaluated on
single nephron segments either by altering the dietary sodium
intake or the luminal sodium entry in specific nephron segments
with furosemide or amiloride.
Thus, stimulation of Na-K-ATPase observed in the thick
ascending limb of sodium loaded rabbits [86] has been ascribed
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to enhanced sodium delivery to this nephron segment. Curi-
ously, however, blocking luminal sodium entry in this nephron
segment with furosemide did not reduce its Na-K-ATPase
activity [38, 86].
In the rabbit collecting tubule, and to a lesser extent in the
connecting tubule, low-sodium intake increased Na-K-ATPase
activity [7] whereas high-sodium intake decreased it [91, in
contrast to what was predicted by the hypothesis. However,
changes in plasma level of aldosterone observed in these
animals may have masked and even overshot the effect of
sodium. That sodium load controls Na-K-ATPase in the col-
lecting tubule is supported by the observation that chronic
administration of furosemide, which enhanced sodium delivery
to the collecting tubule by inhibiting its reabsorption in the thick
ascending limb, stimulated the pump activity of this segment
[38, 86] independently of aldosterone changes [38]. However, in
this nephron segment also, blocking luminal entrance of sodium
with amiloride did not inhibit Na-K-ATPase, but even stimu-
lated it independently of aldosterone [38].
In conclusion, the role of sodium load in the control of
tubular Na-K-ATPase is not clearly established as yet. In any
case, if it exists, it is likely restricted to the thick ascending limb
and collecting tubule, and may be modulated by other factors.
Diabetes mellitus
Increased Na-K-ATPase activity was described in most
nephron segments of streptozotocin-treated rats [87, 88]. How-
ever, except for the collecting tubule, the cause of the stimula-
tion of Na-K-ATPase in the different nephron segments are
unknown as yet. Indeed, the lack of insulin is unlikely to
directly stimulate tubular Na-K-ATPase since in many tissues
insulin has been shown to stimulate rather than to inhibit
sodium transport and/or Na-K-ATPase activity [89—91]. Stimu-
lation of Na-K-ATPase activity during streptozotocin-induced
diabetes is not secondary to an increased GFR and sodium
delivery to the nephron, as previously proposed [92], since
these phenomena are observed only three days after streptozo-
tocin administration [88], whereas stimulation of Na-K-ATPase
activity is maximal within 24 hours [87, 88]. In the collecting
tubule, stimulation of Na-K-ATPase activity after streptozo-
tocin administration is due to the rise in plasma aldosterone
level [87, 88] since it is abolished in DOCA-treated [87] as well
as adrenalectomized rats [88].
Thyroid hormones
Despite a marked decrease in GFR, hypothyroid mammals
display an enhanced urinary sodium excretion [93, 94]. This
inhibition of tubular sodium reabsorption has been assigned to
a decrease of Na-K-ATPase activity observed in kidney homog-
enates of hypothyroid rats [95]. Within two weeks, chemical or
surgical thyroidectomy decreased the activity and number of
Na-K-ATPase units in the proximal tubule [30, %, 97] and
collecting tubule [30]. This inhibition of Na-K-ATPase is spe-
cific, since neither tubular volume [66] nor adenylate cyclase
activity [301 were altered. Administration of T3 to these animals
restored in a dose-dependent manner the activity and number of
sites to normal levels in both segments [65, 97], opposite to
what is observed in long-term (8 weeks) thyroidectomized
animals [66, 98], as already discussed above. On two-week
thyroidectomized rabbits, T3 evoked an early stimulation (<3
hours) in the collecting tubule exclusively, and a late stimula-
tion (12 to 24 hours) in both proximal and collecting tubules
(65). As discussed previously, the early action of T3 is mediated
by aldosterone [50—52] whereas the late response is probably a
primary effect of T3 on ATPase synthesis. Indeed, this stimu-
lation cannot be ascribed to increased GFR and sodium delivery
as previously proposed [95] since: 1) increased GFR and
sodium load control Na-K-ATPase in different nephron seg-
ments than T3, as they increase the pump activity in the thick
ascending limb and decrease it in the collecting tubule [9]; and
2) late stimulation of kidney Na-K-ATPase by thyroid hor-
mones occurs before any increase in GFR [99].
In long-term thyroidectomized rats (8 weeks), T3 stimulates
the isoosmotic fluid reabsorption in proximal tubule, although it
does not increase the Vmax of Na-K-ATPase [98]. In fact, T3
likely stimulates the in vivo rate of activity of Na-K-ATPase by
increasing K-permeability of proximal tubule cells [98], as it has
been proposed that the basolateral K-conductance may limit the
turnover rate of the pump in vivo [100].
Vasopressin
Long-term administration of pharmacologic doses of antidiu-
retic hormone (ADH) to diabetes insipidus Brattleboro rats
markedly stimulated Na-K-ATPase activity in MAL and CCT
[101]. The cause of this induction is different in the two nephron
segments. In MAL, the activity of Na-K-ATPase and of hor-
mone-sensitive adenylate cyclase and epithelial volume in-
creased to the same extent, suggesting a nonspecific action,
whereas in CCT Na-K-ATPase changed independently of any
morphological alteration. This specific stimulation of Na-K-
ATPase activity may be related to enhancements of sodium
reabsorption and potassium secretion observed in the CCT in
response to ADH [41, 102].
More interestingly, similar changes in Na-K-ATPase, adenyl-
ate cyclase and epithelial volume were observed under physi-
ological conditions in the jerboa, Jaculus orientalis [103]. In its
usual arid environment, this desert rodent excretes a highly
concentrated urine and displays high plasma level of ADH
[104], and high Na-K-ATPase activity in MAL (associated with
tubular hypertrophy) and CCT, as compared to jerboas fed a
water enriched diet. Dehydrated jerboas also display a high
Na-K-ATPase in the PCT and an enhanced internephron heter-
ogeneity [103], other features of water conservation. It is likely
that the high Na-K-ATPase activity found in the MAL of
sodium-loaded animals enhances the papillary gradient of os-
motic pressure, and thereby is related to water rather than
sodium retention.
Uninephrectomy
The effect of unilateral nephrectomy on the function of the
remaining kidney and the resulting hypertrophy and enhance-
ment of Na-K-ATPase activity were described a long time ago
[85, 105]. Stimulation of Na-K-ATPase activity was observed as
early as 24 hours after uninephrectomy in the rat DCT, but not
in the proximal tubule [106]. Within two to three weeks,
stimulation of the pump was observed along the whole nephron
[9, 106—1091, regardless of the mode of expression of the
activity per mm tubule length or per mg protein, and was related
to an increased number of catalytic units [1071. Eight weeks
after nephrectomy, Na-K-ATPase activity per mm tubule
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length was returned to normal, at least in PCT, but the tubular
length was increased, whereas it was not in two-week nephrec-
tomized rats [109]. This suggests the presence of a secondary
adaptation of the cellular content of Na-K-ATPase to the
transport capacity.
The cause of the changes in Na-K-ATPase observed two
weeks after uninephrectomy is different according to the neph-
ron segment. In the collecting tubule of adrenalectomized rats,
the enzyme activity was not altered by uninephrectomy [107],
suggesting that the increase in Na-K-ATPase activity in this
segment is dependent on mineralocorticoids and/or the devel-
opment of potassium adaptation. In the rabbit thick ascending
limb, but not on other nephron segments, the effect of unineph-
rectomy on Na-K-ATPase activity was mimicked by sodium-
loading, suggesting that it may be due to the increased sodium
delivery to this nephron segment brought about by the in-
creased GFR [9]. The reason for stimulation of Na-K-ATPase in
the proximal tubule Is unknown at the present time, since in this
segment Na-K-ATPase activity is not stimulated by increased
sodium delivery.
Hypertension
Since excessive natriuresis is observed in hypertensive hu-
mans and rats in response to infusion of hypertonic NaCl,
genetic and/or acquired defects of kidney Na-K-ATPase have
been incriminated in the pathogeny of hypertension [110, 111].
In view of controversial results obtained on kidney homoge-
nates [reviewed in 112] which may be due to differences in
tubular composition of the preparations used, studies were
initiated in single nephron segments. In young (up to 8 weeks)
spontaneously hypertensive rats (SHR) of the Wistar Kyoto
strain which already display an elevated blood pressure, Na-K-
ATPase activity was stimulated in proximal convoluted tubule
and was decreased in thick ascending limb and distal convo-
luted tubule [113—115]. This latter effect is likely ascribed to
inhibition of sodium delivery to Henle's loop brought about by
increased Na-K-ATPase in the proximal tubule. Above 12
weeks of age, when hypertension is fully developed, Na-K-
ATPase returned to normal level in all the nephron segments of
SHR [116], as observed previously in hypertension-prone Sabra
rats [112]. These results, as well as the finding that prevention
of the development of hypertension by hydrochlorothiazide did
not abolish the abnormal pattern of Na-K-ATPase in 5-week-
old SHR [117, 118], clearly indicate a lack of causal relationship
between tubular Na-K-ATPase activity and hypertension, and
rules out the possibility that transient alterations of Na-K-
ATPase observed in young SHR may have a genetic origin. It
should be recalled, however, that all these results concern the
"max of the enzyme. Therefore, it remains possible that a
digoxin-like natriuretic factor might alter the in vivo functioning
of the pump during hypertension.
Conclusion
Measuring Na-K-ATPase activity at the level of discrete
nephron segments shows that besides its previously recognized
role as a constitutive enzyme, Na-K-ATPase may be a primary
hormonal effector as it is controlled by several hormones within
minutes to hours (control of the pump synthesis, turnover rate
or recycling in the cell). This breakthrough, which gives addi-
tional importance to Na-K-ATPase in transporting epithelia,
was made possible thanks to the following two advantages of
the micromethods for Na-K-ATPase measurements. First, they
permit to study the enzyme at the level of the target segments,
thus avoiding masking of the effects by unresponsive cells.
Furthermore, the nephron heterogeneity has revealed itself as
an advantage since it allowed to discriminate specific hormonal
effects (which are localized in some segments of nephron only)
from nonspecific ones. Secondly, they preserve some integrity
of cellular architecture, which may be important when observ-
ing in vitro changes in the turnover rate or recycling of the
enzyme within the cell. The characterization of these primary
effects of hormones on Na-K-ATPase activity should permit a
better understanding of the long-term alterations of Na-K-
ATPase observed under pathological circumstances. Further-
more, the recent cloning of the genes encoding for the subunits
of Na-K-ATPase will certainly soon give invaluable information
on the molecular mechanisms involved in the transcriptional
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